Background 14 In eco-epidemiological studies, Leishmania detection in vectors and reservoirs is frequently 15 accomplished by high-throughput and sensitive molecular methods that target minicircle kinetoplast 16 DNA (kDNA). A pan-Leishmania SYBR Green quantitative PCR (qPCR) assay which specifically detects the 17 conserved spliced-leader RNA (SL-RNA) sequence has recently been developed. This study comparatively 18 assessed the SL-RNA assay performance for the detection of Leishmania in field and laboratory infected 19 sand flies and in tissue samples from hyraxes as reservoir hosts. 20 Principal findings 21 The qPCRs targeting SL-RNA and kDNA performed equally well on infected sand fly samples, despite 22 preservation and extraction under presumed unfavorable conditions for downstream RNA detection. 23 Nucleic acid extraction by a crude extraction buffer combined with a precipitation step was highly 24 compatible with downstream SL-RNA and kDNA detection. Copy numbers of kDNA were found to be 25 identical in culture-derived parasites and promastigotes isolated from sand fly midguts. SL-RNA levels 26 were approximately 3-fold lower in sand fly promastigotes (ΔCt 1.7). The theoretical limit of detection 27 and quantification of the SL-RNA qPCR respectively reached down to 10 -3 and 10 parasite equivalents. SL-28 RNA detection in stored hyrax samples was less efficient with some false negative assay results, most 29 likely due to the long-term tissue storage in absence of RNA stabilizing reagents. 30 Conclusion 31 This study shows that a crude extraction method in combination with the SL-RNA qPCR assay is suitable 32 for the detection and quantification of Leishmania in sand flies. The assay provides complementary 33 information to the standard kDNA assays, since it is pan-Leishmania specific and detects viable parasites, 34 a prerequisite for identification of vectors and reservoirs. 3 35 Author summary 36 In order to identify vectors and reservoirs of Leishmania, a large number of sand fly and animal tissue 37 samples needs to be screened, because the infection prevalence is generally low. Hence, sensitive low-38 cost methods are required for nucleic acid isolation and Leishmania detection. Most approaches amplify 39 DNA targets, in particular minicircle kinetoplast DNA (kDNA). Recently, a qPCR was developed that 40 detects the spliced-leader RNA (SL-RNA) sequence, which is conserved among various Leishmania 41 species and allows detection of viable parasites. We show that the SL-RNA qPCR is highly compatible 42 with a low-cost, crude extraction approach and performs equally well on laboratory and field infected 43 sand fly samples as kDNA qPCR assays. The assay can detect 10 -3 parasite equivalent in sand flies and 44 enables Leishmania quantification down to 10 parasites. We found that the copy number of SL-RNA is 3-45 fold lower in sand fly derived promastigotes compared to cultured promastigotes. SL-RNA detection in 46 hyrax tissue samples appeared less efficient, which is presumably due to long-term storage without RNA 47 stabilizing reagents. Overall, our assay is complementary to kDNA assays as it can identify viable 48 Leishmania stages, which provides pivotal information for identification of reservoirs and vectors and 49 their transmission capacity. 50
Introduction 51
Leishmaniasis is a vector-borne disease caused by protozoa of the genus Leishmania, which are 52 transmitted during the blood feeding of female phlebotomine sand flies. The infection can be manifested 53 in three major clinical forms: cutaneous (CL), mucocutaneous (MCL) and visceral (VL) leishmaniasis [1] .
54
In Ethiopia, L. aethiopica is the predominant species causing CL and its vectors are Phlebotomus longipes 55 and P. pedifer [2] [3] [4] . Hyraxes (Heterohyrax brucei and Procavia capensis) have been found 56 asymptomatically infected with L. aethiopica in large numbers, indicating that they are major animal 57 reservoirs in .
58
For eco-epidemiological research, there is a need for sensitive, high-throughput methods to identify and 59 quantify Leishmania parasites in (potential) vectors and hosts [6] . The golden standard for parasite 60 detection in sand flies and animal tissues is microscopic examination. This method allows to confirm the 61 presence of viable parasites, but is time consuming and requires a substantial level of expertise [7] .
62
These drawbacks resulted in a shift towards sample screening with molecular assays. Procedures 63 generally start with nucleic acid extraction for which efficient, but expensive kits are commercially 64 available. Low-cost methods, like organic (i.e. phenol-chloroform) or chelex extractions, are widely 65 utilized, but have disadvantages. The former method is very time consuming and often involves toxic 66 chemicals while the latter only yields low amounts of genomic DNA [8] . Extraction approaches with lysis 67 buffers containing SDS, EDTA, Tris-HCl and NaCl have been applied to various tissues [9] , although this 68 crude procedure may lead to inhibition in downstream molecular applications [8] .
69
A variety of (real-time) PCR methods targeting different gene fragments has been described, many of 70 which remain to be validated on multiple Leishmania species and different tissues, or have issues 71 regarding quantification [10, 11] . The most commonly used PCR assay for Leishmania detection in 72 sandflies [12, 13] and small mammals [14] [15] [16] is targeting the minicircle kinetoplast DNA (kDNA). Because 73 of the high kDNA copy number (10 4 minicircles per parasite), very low numbers of parasites can be 74 detected [7] . However, the nucleotide sequence and copy number sometimes differ among Leishmania 75 species, impeding consistent quantification [17, 18] . Another concern is that it sometimes results in false 76 positive assay results due to its high sensitivity, even though all preventive measures to avoid 77 contamination are taken [19] [20] [21] .
78
Few studies investigated the use of RNA targets for parasite detection, although these may be more heparinized (100 U/mL blood) heat-inactivated mouse blood spiked with L. major procyclic 124 promastigotes (5 × 10 6 promastigotes/mL blood). Engorged females were separated 24 hours post blood 125 meal and were continuously provided with 30% sugar solution. Sand flies were collected six days after 126 infection for dissection of thorax and abdomen (n = 96).
127
Sand fly nucleic acid isolation and purification. Nucleic acids of experimentally infected (L. major) L.
128 longipalpis were isolated with a crude extraction buffer and purified using an ethanol precipitation 129 approach as described previously [24] . In short, individual sand fly specimens were incubated overnight 130 in 50 µL extraction buffer (10 mM Tris-HCl pH 8, 10 mM EDTA, 0.1 % SDS, 150 mM NaCl) and 0.5 µL 131 proteinase K (200 µg/mL) without maceration. The next day, 25 µL nuclease free water was added and 132 the samples were heated for 5 minutes at 95°C. For nucleic acid precipitation, 20 µL of the extract was 133 supplemented with 1/10 th volume 3 M NaOAc (pH 5.6) and 2 volumes 97% ethanol (chilled at -20°C). This 134 suspension was left overnight, after which the samples were centrifuged for 15 minutes at 21,000×g at 135 4°C. The supernatant was removed and 500 µL chilled 70% ethanol was added, followed by 136 centrifugation under the same conditions. The supernatant was removed and the pellet was air-dried for 137 15 minutes in a heating block at 50°C followed by resuspension in 20 µL nuclease free water.
138
Additionally, 37 P. pedifer nucleic acid extracts were selected from our previous study, of which 17 were 139 identified as L. aethiopica positive (kDNA and ITS-1) and 20 as negative (kDNA 
Data analysis
183 Analyses were carried out using GraphPad Prism version 8 (GraphPad Software, La Jolla California, USA).
184
The correlation between the Ct values of the SL-RNA assay and the other three qPCRs was determined by 185 a Pearson correlation. This analysis was performed using the infected field-collected sand flies because 186 of the broad range of Ct values. A standard curve with linear regression and PCR efficiency was 187 generated to determine the theoretical LoD and limit of quantification (LoQ) of the SL-RNA qPCR.
Results

189
Comparison of Leishmania detection assays 190 Of the 96 L. major infected laboratory L. longipalpis sand flies, two samples were negative and 82 were 191 positive by all assays (Fig 1A, S1 
202
Among the field collected, ethanol stored sand fly specimens, 20 were negative and 17 positive in all four 203 assays ( Fig 1B, S1 Table B ). Mean Ct values of the JW kDNA and SL-RNA qPCRs were similar (13.7  3.9 204 and 14.7  3.4 respectively) and consistently lower than the Ct values obtained by the other two assays 205 (18S DNA: 24.2  4.2 and MP kDNA: 22.9  4.2). The difference in Ct values between the MP kDNA and 206 JW kDNA qPCRs was larger for P. pedifer infected with L. aethiopica than for L. longipalpis infected with 207 L. major (Fig 1A versus 1B) .
208
Seven out of 22 long-term stored hyrax tissue samples tested positive in two or more qPCR assays (Fig   209  1C , S1 
214
Overall, the Pearson correlation showed that the SL-RNA qPCR correlated quite well with the Ct values of 215 the JW kDNA (Fig 2A; R 2 = 0.82, n = 17), MP kDNA ( Fig 2B; R 2 = 0.90, n = 17) and 18S DNA assays (Fig 2C; 216 R 2 = 0.88, n = 17). For all comparisons, the confidence intervals increased towards the higher Ct values, 217 which could be due to slight inhibition of the SL-RNA qPCR. LoD of the SL-RNA qPCR was 10 -3 parasite equivalents ( Fig 4A) . For 1.6 × 10 7 promastigotes, the assay did 239 not provide a result in any of the two independent runs, implying that there was PCR inhibition at this 240 concentration. The assay showed a very good PCR efficiency of 105% for the serial dilution down to 10 241 parasites, representing the theoretical LoQ. A Pearson correlation demonstrated an excellent inter-run 242 stability for the two independent runs of the SL-RNA qPCR on the serial dilution ( Fig 4B; R 2 = 0.99, n = 10). 
248
Discussion
249
For eco-epidemiological surveys, researchers currently opt for sensitive high-throughput molecular 250 screening methods for Leishmania detection in sand flies and potential reservoirs, because infection 251 prevalence is overall quite low, even in endemic areas [24, 26] . These molecular methods most often 252 target DNA sequences, which may persist for quite some time after parasite death. Hosts and sand flies 253 can be exposed to the parasite without establishment of an infection. Hence, it would be highly 254 informative to be able to specifically detect viable parasites. In our study, we evaluated whether the 255 recently developed SL-RNA qPCR assay by Eberhardt et al. [23] 
297
Considering the large sample size that needs to be screened in search for positive field specimens, a low-298 cost, efficient nucleic acid extraction method is preferred [9] . We found that a crude extraction buffer in 299 combination with an ethanol precipitation step is as efficient as a commercial column extraction for 300 downstream DNA and RNA detection in sand flies. Ct values tended even slightly lower when the 301 extraction was carried out with the crude method, suggesting that there is some nucleic acid loss on the 302 silica columns. Other important advantages of this crude extraction method are the low-cost and 303 reduction in sample processing time as maceration is not required [8, 9] . The latter is compensated by a 304 more time-consuming ethanol precipitation step. However, because of the low prevalence in field collected sand flies, individual extracts can be pooled to reduce the number of samples for purification 306 and PCR [24] .
307
Determination of the viable parasite load in sand flies can be highly informative, especially for studies 308 that investigate e.g. the vectorial capacity. Previously, the LoD of the SL-RNA qPCR on cultured 309 promastigotes has been established at 0.0002 parasite equivalents [23] . We assessed the theoretical LoD 310 of the SL-RNA qPCR based on sand flies spiked with a serial dilution of L. major promastigotes. The 311 determined theoretical LoD of 10 -3 parasite equivalents per reaction of our assay is similar to findings of 312 Bezerra-Vasconcelos et al., who could detect 10 -3 parasites per reaction with a kDNA qPCR assay on L.
313 infantum-spiked L. longipalpis sand flies [13] . This substantiates that the sensitivity of qPCR assays 314 targeting SL-RNA and kDNA are comparable, which corroborates the comparative assessment performed 315 in this study. Moreover, congruence of the assays appears very good, indicating that both can achieve 316 reliable quantification. Based on the standard curve, it can be concluded that SL-RNA qPCR can quantify 317 down to 10 parasites per sand fly with high PCR efficiency, which is sufficient for determination of 318 biologically relevant parasite loads.
319
Overall, this study shows for the first time that the SL-RNA target can be used for detection and 320 quantification of Leishmania parasites in field and laboratory infected sand flies, even in combination 321 with a crude extraction method. The SL-RNA qPCR assay provides complementary information to the 322 standard kDNA assays, as it is pan-Leishmania specific and able to detect viable parasites, which can be a 323 major advantage for eco-epidemiological studies including identification of vectors and reservoirs.
324
